Clonal proliferation is an obligatory component of adipogenesis. Although several cell cycle regulators are known to participate in the transition between pre-adipocyte proliferation and terminal adipocyte differentiation, how the core DNA synthesis machinery is coordinately regulated in adipogenesis remains elusive. PCNA (proliferating cell nuclear antigen) is an indispensable component for DNA synthesis during proliferation. Here we show that PCNA is subject to phosphorylation at the highly conserved tyrosine residue 114 (Y114). Replacing the Y114 residue with phenylalanine (Y114F), which is structurally similar to tyrosine but cannot be phosphorylated, does not affect normal animal development. However, when challenged with high fat diet, mice carrying homozygous Y114F alleles (PCNA F/F ) are resistant to adipose tissue enlargement in comparison to wild-type (WT) mice. Mouse embryonic fibroblasts (MEFs) harboring WT or Y114F mutant PCNA proliferate at similar rates. However, when subjected to adipogenesis induction in culture, PCNA F/F MEFs are not able to re-enter the cell cycle and fail to form mature adipocytes, while WT MEFs undergo mitotic clonal expansion in response to the adipogenic stimulation, accompanied by enhanced Y114 phosphorylation of PCNA, and differentiate to mature adipocytes. Consistent with the function of Y114 phosphorylation in clonal proliferation in adipogenesis, fat tissues isolated from WT mice contain significantly more adipocytes than those isolated from PCNA F/F mice. This study identifies a critical role for PCNA in adipose tissue development, and for the first time identifies a role of the core DNA replication machinery at the interface between proliferation and differentiation.
INTRODUCTION
Obesity is an epidemic worldwide. When energy intake exceeds expenditure, excess energy is stored in the form of triglycerides in adipocytes and results in adipose tissue expansion. The number and size of adipocytes in fat depots determine whether an individual remains lean or becomes obese [1] [2] [3] . Unlike adipocyte size, which changes with the status of food intake and energy expenditure, the number of adipocytes generally remains constant throughout adult life. However, deregulated increase of adipose cell number, termed hyperplasia, is a known pathological contributor to obesity in many children and adults [4, 5] . Recent studies have also demonstrated that adipocytes in adults undergo dynamic turnover with a relatively rapid proliferation [6, 7] . These findings suggest that a tight regulation of adipocyte number homeostasis is a critical contributor to obesity.
Much of our knowledge on the progression of adipocyte differentiation, termed adipogenesis, is derived from studies using primary or established rodent pre-adipocyte or adipocytes [8] . When preadipocytes are grown to confluence, they withdraw from the cell cycle and enter a growth-arrested state due to contact inhibition. Treatment of confluent cells with a cocktail of hormonal and mitogenic agents induces the cells to re-enter the cell cycle and engage in synchronous rounds of DNA replication and cell division, termed mitotic clonal expansion (MCE), to clonally expand committed cells [1, [9] [10] [11] [12] ]. Post-mitotic cells then irreversibly exit the mitotic cycle and undergo terminal differentiation to form mature adipocytes. There is abundant evidence for the obligatory role of MCE for adipogenesis, and MCE may also contribute to the mechanism that controls adipocyte numbers [1, 2] . However, the mechanisms regulating DNA synthesis in growth-arrested cells are not well understood.
The Proliferating Cell Nuclear Antigen (PCNA) is a DNA synthesis processivity factor during cell proliferation and is responsible for replication of the majority of our genome [13] . Due to its indispensable role in cell proliferation, homozygous deletion of PCNA in mice causes embryonic lethality [14] . During DNA replication, three PCNA monomers form a homotrimeric ring encircling the DNA double helix as a sliding platform to assemble and coordinate the core DNA synthesis machinery at the replication fork [13, [15] [16] [17] [18] . At the interaction junction of the homotrimeric ring, two monomers of PCNA interact though hydrogen bonds conferred by a different β sheet and a different helix along the interface of each monomer [19] . The hydrophobic tyrosine 114 residue (Y114), located in the strand βI 1 of one monomer interface, is conserved in mammals, fly, and Xenopus and appears to be a critical interaction point (Fig. 1A) . Substituting this residue with alanine (Y114A) abolishes trimerization of the mutant PCNA in vitro, thereby supporting the important role of this tyrosine residue [20] . However, given the drastic structural difference between tyrosine and alanine, the mutant protein appears to have very different thermodynamic properties compared with the wild type. Therefore, the physiological role of the Y114 residue in PCNA function remains unclear. We identified that PCNA is subject to phosphorylation at Y114, and generated a knock-in mouse model in which the Y114 residue is changed to a phenylalanine (Y114F). Molecular characterization of the mutant mice and the derived MEFs led us to the unexpected discovery that this phosphorylation is an important signaling event for MCE during adipogenesis and the development of adiposity in response to an energy-rich diet.
MATERIALS AND METHODS

Generation of Y114F PCNA mice
Heterozygote Y114F knock-in mice were generated through a collaboration contract with Xenogen/Taconic. Briefly, the mouse BAC clone (RP23-161C23) was used to generate the homology arms containing the 5' homology arm (4.9 kb), 3' homology arm (3.0 kb) and the conditional knock-out (KO) region (1.4 kb). The Tyr to Phe (A to T) mutation of Y114 in exon 3 was then introduced into the conditional KO region (Y114F) by PCR-based sitedirected mutagenesis (QuickChange II, Stratagene/Agilent Technology). The final vector also contains LoxP sequences flanking the conditional KO region, Frt sequences flanking the neomycin-resistant marker expression cassette (for positive selection of the ES cells), and a DTA expression cassette (for negative selection of the ES cells). The final vector was verified by both restriction digestion and end sequencing analysis. The targeting plasmid was linearized with NotI prior to electroporation into FVB ES cells. Cell clones were selected with G418, and screened with PCR. Homologous recombination was confirmed with Southern analysis and sequencing. Flp electroporation was then performed to delete the neomycin cassette. The ES cells were then injected into FVB blastocysts.
Chemicals and antibodies
3-isobutyl-1-methylxanthine (IBMX), dexamethasone, insulin, and Oil Red O were purchased from Sigma. Antibodies were purchased: anti-PCNA from Santa Cruz, anti-BrdU from Millipore. The anti-phospho-Y114 PCNA antibody was generated by immunizing rabbits with the KLH-conjugated synthetic peptide CNQEKVSD-pY-EMKLMD (Yenzym). The serum was purified in two rounds by a phosphopeptide affinity matrix, followed by clean-up with an unphosphorylated peptide-conjugated affinity matrix.
Cell proliferation analysis
Colorimetric BrdU proliferation was performed using a kit (Roche). Immunofluorescent detection of BrdU was performed by incubating cells with BrdU for 4 hours. Cells were then fixed with chilled methanol, and treated with two consecutive incubations with 4M HCl for 15 minutes at room temperature. BrdU was detected with an anti-BrdU antibody, followed by a FITC-conjugated secondary antibody.
In vitro adipogenesis
Induction of MEF cells to adipogenesis was conducted following the protocol established by Dr. Daniel Lane's laboratory [21] . Briefly, MEF cells were plated in 6-well plates in growth media (DMEM/F12 with 10% fetal bovine serum (FBS)) until confluence. To induce adipocyte differentiation, growth media was changed to media containing 10% FBS, 10 µg/ ml insulin, 1 M dexamethasone, and 0.5 mM IBMX for 2 days, followed by media with 10% FBS and 10 g/ml insulin for 6 days. At the end of differentiation, cells were fixed with 4% paraformaldehyde. Adipocytes with accumulated lipid were visualized using 0.1% Oil Red O staining.
Adipocyte number in fat pads
Peri-ovarian adipose tissues were dissected, sliced into small pieces, washed twice with PBS and then fixed with OsO 4 for 72 hours. The adipocytes were released by digestion with 8M urea. Cell numbers were determined using an automatic cell counter (Invitrogen).
RESULTS
To examine the status of phosphorylation at the highly conserved Y114 residue, an antibody was raised against a synthetic peptide containing the epitope of phosphorylated Y114 (see Materials and Methods). Enzyme-linked immunosorbent assay (ELISA) analysis showed that this antibody specifically recognizes the phosphorylated but not the unphosphorylated wild-type Y114 epitope (data not shown). To further verify this antibody in vivo, HEK-293T cells were transiently transfected with cDNA of FLAG-tagged wild-type or Y114F mutant PCNA, and ectopic FLAG-PCNA was immunoprecipitated with an anti-FLAG antibody. The precipitate was separated by electrophoresis followed by Western analysis using the purified anti-phospho-Y114 antibody. The results demonstrated that the antibody specifically recognized a sub-population of the wild-type but not the phosphorylationincompetent Y114F mutant PCNA (Fig. 1B) .
To investigate the physiological role of Y114 phosphorylation, we generated mice bearing a knock-in PCNA allele with the tyrosine 114 residue replaced with a phenylalanine (Fig. 1, C  and D) . Intercross of the F1 heterozygotes PCNA WT/114F yielded all three genotypes in F2 litters roughly followed a Mendelian inheritance pattern. PCNA F/F pups are fertile and developed normally, indicating that the Y114F mutant PCNA maintained its normal functions in cell growth and development. To study the functions of Y114 at the cellular level, mouse embryonic fibroblasts (MEFs) were isolated from WT and PCNA F/F embryos at day 13.5. The cells were immortalized through a standard 3T3 protocol of spontaneous immortalization [22] . Consistent with the observation in HEK293T cells, Y114 phosphorylation of PCNA was detected in WT but not in PCNA F/F MEFs using the antiphospho-Y114 antibody ( Figure 1E ; two independent experiments are shown).
We noticed that body weights of adult (9 weeks old) strain-matched WT mice were slightly but significantly heavier than the PCNA 114F/114F animals when fed with a normal chow diet ( Fig. 2A) . To test whether wild-type and mutant animals responded differently to fatenriched food, mice were fed with a high fat diet (HFD; 45% calories from fat) up to 31 weeks of age. Feeding of WT mice with HFD fostered a more significant weight gain than in PCNA 114F/114F animals (Fig. 2B ). Fat and lean components of body composition were analyzed with a non-invasive quantitative magnetic resonance technique [23] . Only the fat component was significantly increased in the WT animals (Fig. 2C) . Food intake by both types of animals was not different (Fig. 2D) . These results demonstrated that development of adiposity on an energy-rich diet is diminished in the PCNA 114F/114F animals.
To dissect out the underlying mechanism of the obese phenotype under HFD, isolated MEFs were analyzed. WT and PCNA 114F/114F MEFs showed no significant difference in growth rate and the capacity to proliferate under normal culture conditions (Fig. 3A) . As previously reported [21] , DNA synthesis measured by BrdU incorporation showed that MEFs plated in tissue culture plates continue to proliferate (72-hour time point in Fig. 3B ) until reaching confluence, when they become growth-arrested due to contact inhibition (144-hour time point in Fig. 3B ). At this point, MEFs can be induced to undergo adipocyte differentiation following simulation with an adipogenic cocktail, which contains insulin, 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone [1, 10, 12] . Application of the adipogenic cocktail induced growth-arrested WT MEFs to synchronously re-enter the cell cycle and undergo active DNA synthesis (as evident by the peak of BrdU incorporation at the +18-hour time point in Fig. 3B ). In drastic contrast, confluent PCNA 114F/114F MEFs remain quiescent and fail to re-enter the cell cycle upon adipogenic induction. This phenotype was confirmed in a separate experiment using an anti-BrdU antibody and immunofluorescence microscopy to detect incorporated BrdU before and after the stimulation of the adipogenic cocktail (Fig. 3C) .
To further assess the role of PCNA Y114 phosphorylation in adipocyte generation, we examined Y114 phosphorylation levels in cells sampled at pre-and post-induction time points (Fig. 3D) . In WT MEFs, the Y114 phosphorylation level is low in confluent cells (144-hour time point), and was significantly induced by the adipogenic cocktail when the cells re-enter the proliferation phase (+18-hour time point). On the other hand, no Y114 phosphorylation was detected in PCNA 114F/114F lysates. Collectively, these results show that Y114 phosphorylation of PCNA is an important signaling event required for MCE in response to adipogenic induction.
The defect of PCNA 114F/114F MEFs in MCE predicts that these cells are incapable of adipogenesis, which would be consistent with the lean phenotype under HFD. Mature adipocytes are capable of accumulating fat droplets, which can be visualized by staining with the lipid dye Oil Red O. Using this assay, we found that while WT MEFs readily differentiated into mature adipocytes after adipogenic stimulation, PCNA 114F/114F MEFs failed to do so (Fig. 4A) . Similar results were observed in primary as well as immortalized MEFs (Fig. 4A) . This experiment demonstrates that PCNA 114F/114F MEFs are deficient in adipogenesis, contributing to the obesity-resistant phenotype of PCNA 114F/114F mice fed with a HFD. These results also predict a lower number of adipocytes in the fat pads of PCNA 114F/114F mice than in WT mice. Indeed, PCNA 114F/114F mice had significantly less adipocytes in the peri-ovarian fat pad in comparison with the WT mice (Fig. 4B) .
DISCUSSION
The functions of PCNA are known to be regulated by post-translational modifications, such as ubiquitylation, sumoylation, and phosphorylation [13] . Our previous studies have identified that phosphorylation of PCNA at tyrosine Y211 enhances its stability on the chromatin and plays an important role in cancer cell proliferation [24] [25] [26] . In this report, we show that phosphorylation of PCNA at Y114 is involved in the development of adiposity on energy-rich diet. We show that this signaling event is not required for cell growth or normal development, but is important for facilitating adipogenesis upon adipogenic stimulation in vitro and in vivo. Additional studies of this molecular event can clarify how proliferative activities in cell growth and differentiation are differentially regulated.
While many studies have been performed to address the roles of cell cycle regulators with adipogenesis, a direct link between cell cycle control and adipogenesis remains to be further elucidated. Expression of cyclin-dependent kinase inhibitors p18 Ink4c , p21 Cip1 and p27 Kip1 has been shown to couple with the progression of adipogenesis [27, 28] . The transcription factor peroxisome proliferator-activated receptor (PPAR), a master regulator of adipogenesis, plays a key role in regulating the expression of p21 and p18 at different stages through MCE, indicating that these cell cycle inhibitors are involved in adipogenesis [28] . However, contradictory results regarding the roles of p21 and p27 have been reported [29] [30] [31] . The reason for the discrepancy remains to be determined. These cell cycle inhibitors control entry into S phase by suppressing the activity of cyclin-dependent kinases (CDKs) [32] . Although cyclins and CDKs have been shown to promote adipogenesis, the mechanism can be attributed to their transcriptional functions in a mode independent from cell cycle [33] [34] [35] [36] . These findings prompt continued investigation of the mechanisms coordinating mitotic proliferation and adipogenesis. Furthermore, it should be noted that all these cell cycle regulators also function in proliferating cells grown in normal culture conditions that do not convert to adipocytes even with adipogenic stimulation. Thus, while these studies demonstrated the complex and dynamic relationship between cell cycle regulation and adipogenesis, the fundamental mechanisms integrating cell proliferation with adipogenesis remained to be determined. In this regard, virtually nothing is unknown about how DNA replication activity, as mediated by the core DNA synthesis machinery, is differentially regulated during adipocyte differentiation.
Both hyperplasia (increase in cell number) and hypertrophy (increase in cell size) of adipocytes contribute to the expansion of fat mass and have a life-long influence on the susceptibility to obesity [1, 2] . The number of adipocytes was previously thought to be determined during childhood and stays constant throughout adulthood [37] . Until recently, the prevalent model stipulated that adipocyte hypertrophy is the most critical factor which determines fat mass in adult humans [4, 38] . This notion was challenged by a recent study demonstrating a highly dynamic turnover of adipocytes through cell proliferation (DNA replication) [7] . It remains to be determined how cell proliferation is facilitated in adipogenesis and how adipocyte cellularity is maintained. Our results show that phosphorylation at Y114 of PCNA plays a critical role in regulating adipocyte number.
An important question is whether the function of Y114 phosphorylation is specific to adipogenesis. To answer this question, detailed understanding of how this signaling event is regulated and how it functions during the formation of mature adipocytes will be necessary so that the impact of modulating the mechanism in other biological systems can be assessed. It is noteworthy that lack of Y114 phosphorylation does not affect normal cell growth in cell culture nor the development of the entire organism, indicating that the signaling event is dispensable for these processes. The phosphorylation event may be particularly important under metabolic stress such as feeding with high-fat diet. Identification of the tyrosine kinase responsible for Y114 phosphorylation should facilitate addressing this question. We envision that the manipulation of adipose depots by altering adipocyte turnover through regulation of PCNA Y114 phosphorylation may lead to effective approaches for the prevention and treatment of obesity and associated metabolic diseases. The fact that lack of Y114 phosphorylation of PCNA does not affect cell growth or normal development suggests that targeting Y114 phosphorylation could be a safe approach. A, Body weights of 9-week old female PCNA 114F/114F mice (n=21) are slightly but significantly lower than those of WT mice (n=18) when fed with a normal chow diet. ***, P = 0.001. B, 9-week old FVB WT (n=5) and PCNA 114F/114F (n=7) female mice were fed with a HFD (arrow). Gain of body weight was measured weekly and plotted. Average body weights of the cohort of mice were 23.1 g (WT) and 18.2 g (PCNA 114F/114F ). **, P=0.0067. C, Body composition of WT (n=2) and PCNA 114F/114F (n=4) female mice analyzed by quantitative magnetic resonance. *, P=0.04. D, Food intake normalized by body weight was measured for the WT (n=5) and PCNA 114F/114F (n=7) 9-week old mice on a high-fat diet (HFD) with 45% of total calories derived from fat. P=0.127. A, WT and PCNA 114F/114F MEFs have similar growth rates under normal culture conditions. Standard deviation (SD) of triplicate cell counts was <1%, unless shown via error bars. Viable cells were measured by CellTiter-Glo assay (Promega). B, WT and PCNA 114F/114F MEFs actively incorporate BrdU until they reached confluence. Adding the adipogenic cocktail (arrow) stimulates WT but not PCNA 114F/114F MEFs to re-enter the cell cycle for clonal expansion. Incorporated BrdU was quantitated using a colorimetric analysis. SD of triplicate counts was <1%, unless shown as error bars. The time point scale after induction is not drawn to scale. C, Proliferating WT and PCNA 114F/114F MEFs at confluency were visualized using a GFP-conjugated anti-BrdU antibody (green) prior to (−) and following (+) adipogenic stimulation. D, Phosphorylation of Y114 of PCNA was then detected with Western analysis using a phospho-Y114-specific antibody. 
